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Abstract 8 
The pore structure of two ordinary Portland cement mortars at water-cement ratio of 0.35 and 0.70 was 9 
characterised using quantitative backscattered electron imaging. The mortars were cured and conditioned to 10 
produce a range of pore structure characteristics. Image analysis was used to characterise the pore structure in 11 
terms of simple morphological parameters such as resolvable porosity and the specific surface area. These were 12 
found to be correlated to measured transport coefficients (diffusivity, permeability and sorptivity), suggesting the 13 
feasibility of image analysis to derive valuable quantitative information describing the pore structure that can be 14 
used as input values for a transport prediction model. A simple analytical model incorporating tortuosity and 15 
constrictivity was used to predict oxygen diffusivity and a variant of the Kozeny-Carman model was used to 16 
predict oxygen permeability. The diffusion model tended to over-predict for the lower w/c ratio mortar, but the 17 
general agreement was reasonable, with 90% of the estimated values within a factor of two from the measured 18 
values. The modified Kozeny-Carman model, however, over-predicted all permeability values with an error of 19 
between half to one order of magnitude. 20 
Keywords: Backscattered electron microscopy (B); Image analysis (B); Microstructure (B); SEM (B); Transport 21 
properties (C); Pore structure. 22 
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1. Introduction 26 
This is an exploratory study of the feasibility of using image analysis on backscattered electron (BSE) images to 27 
extract quantitative information on pore structure that can be used to develop simple transport prediction models 28 
for cement-based materials. Transport properties govern the rate of all major deterioration processes and the 29 
service life of building materials, hence, much effort has been dedicated to their prediction. Experimental 30 
methods for investigating pore structure are divided into indirect methods such as mercury intrusion porosimetry 31 
(MIP), that rely on measurements of a secondary or derived property, and direct methods such as microscopy, 32 
which produces an image of the microstructure that reveals the morphology and spatial relationship of the pores 33 
and various phases. Measurements made on a 2D image can, to some extent, be related to the 3D structure via 34 
stereology rules [1, 2]. 35 
 36 
Since the rate of mass transport is governed by the interconnected pore space, it follows that the pore parameters 37 
derived from microscopy may be used to predict transport properties. Indeed, there are many examples of such 38 
work particularly in the field of geological sciences, where research is aimed at understanding the transport of oil 39 
and gases, contaminants and solutes in soils and rock formations. However, there are not many examples of 40 
similar work on cement-based materials, possibly because of their greater complexity, compounded by 41 
limitations in instrumentation. Two examples of studies involving microscopy to predict transport properties of 42 
cementitious materials are the recent works by Hu & Stroeven [3], who used BSE imaging to determine the 43 
critical pore size to predict permeability via general effective media theory, and Koster et al. [4], who derived 44 
water permeability and vapour diffusivity from 3D microtomographic images via network modelling. Both 45 
studies were performed on hardened cement pastes. In this contribution, we will attempt to use 2D pore 46 
parameters from BSE images to estimate the gaseous diffusivity and permeability coefficients of mortar samples. 47 
Mortars were chosen for this preliminary study because they resemble concretes by having sand particles and 48 
aggregate-paste interfaces, but are more homogeneous due to the exclusion of large aggregate particles. 49 
 50 
Properties that are relevant to molecular transport are the volume of interconnected pores, surface area of the 51 
solid-void interface, pore shape, constrictivity, tortuosity and connectivity of the pores. However, a BSE image 52 
is only a two-dimensional representation of a three-dimensional structure. While porosity and surface area are 53 
easily obtainable from a 2D section, the shape, connectivity and tortuosity are impossible to define and to 54 
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measure from a 2D image. Researchers have often relied on other properties, for example the formation factor 55 
(the ratio of resistivity of the saturated porous medium to the resistivity of the pore water), to characterise 56 
connectivity and tortuosity. 3D imaging such as microtomography and confocal microscopy may provide 57 
valuable insights on higher-order parameters like connectivity and tortuosity. However, although such 58 
parameters can describe simple pore configurations effectively, their concept is difficult to implement on 59 
complex porous media.   60 
 61 
The inherent limitation of any imaging technique is the size range that is available for quantitative analysis. This 62 
presents two complications: first, the ability to resolve the smallest features present, and second, the size of the 63 
field of view necessary to obtain a statistically valid representation of the microstructure. Increasing the 64 
magnification can improve the resolving ability up to the resolution limit of a particular imaging system, but a 65 
high magnification will result in a small field of view, and hence, a larger number of images must be analysed. A 66 
small field of view also limits the size of the largest feature that can be quantified accurately, regardless of the 67 
total number of images analysed. One must always remember that such limitations exist when using image 68 
analysis for quantitative work.  69 
 70 
2.  Experimental 71 
2.1 General considerations 72 
For an investigation of this kind, it is important that the transport mechanisms to be studied do not alter the pore 73 
structure during the test itself, hence those that involve prolonged exposure to water, carbon dioxide or chloride 74 
ions were deemed unsuitable. Application of high-pressure was avoided to minimise the risk of specimen 75 
damage. Although most deterioration processes begin with the movement of the contaminant through the 76 
exposed surface, the surface zone is affected by microstructural gradients that can complicate interpretation of 77 
test results. Therefore, transport tests were carried out on bulk, rather than surface, material [5]. In this study, 78 
specimens were tested sequentially for oxygen diffusion, oxygen permeation and water absorption. This 79 
sequence of testing is advantageous because the same specimen can be used for all tests since successive test 80 
results are not affected by the previous test. Oxygen transport is relevant in view of its importance to 81 
reinforcement corrosion while water ingress via capillary suction is a major transport phenomenon occurring in 82 
concrete structures. In the water absorption test, the sorptivity coefficient can be calculated using data obtained 83 
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from the first few hours of water uptake, thus the effect of further hydration on pore structure during this period 84 
is assumed negligible.  85 
 86 
The gaseous diffusivity and permeability, and water sorptivity are dependent upon the degree of pore saturation, 87 
therefore specimens must be conditioned to a standard moisture state prior to testing so that meaningful 88 
comparison can be made. Conditioning at high humidity may be more practical because less time is required to 89 
reach equilibrium. However, a sample conditioned at high humidity contains many saturated pores that are 90 
effectively blocked and do not contribute to transport, but may be imaged and analysed during microscopy. In a 91 
digital image, pores finer than the resolution limit are not measured and thus, if the conditioning regime can be 92 
devised to ensure all pores smaller than this are saturated, then the issue of not accounting for the smaller 93 
capillaries does not arise. On the other hand, if the size of the largest saturated pore is greater than the resolution 94 
limit, then some of the measured pores from the images actually do not contribute to transport. In short, the 95 
largest saturated pore size should match the image resolution, but this is not easy to achieve as there are no 96 
reliable means to control the drying process in such a way that ensures this. Also, the drying out process does not 97 
necessarily progress evenly from the largest to the smallest capillaries because of ink bottle effects.  98 
 99 
Previous work suggests that the influence of pore saturation on the transport properties of cement-based 100 
materials is only significant when the internal relative humidity (RH) level is greater than about 60%. Parrott [6] 101 
found that the air permeability and water absorption for a range of concretes (w/c: 0.46, 0.59, 0.72) were very 102 
sensitive to the moisture content at RH values above 60%. Ollivier et al. [7] investigated many gas permeability 103 
results found in the literature; it was observed that large increases in permeability occurred when drying from 104 
saturation down to 75% RH, but further drying to about 40% RH had little effect. Similar observations can be 105 
made on experimental data obtained by Galle et al. [8] and Jacobs [9]. These findings suggest that at RH lower 106 
than 60%, the increase in transport properties is negligible because most of the pores relevant to transport 107 
(capillary pores and microcracks) have already been emptied. Thus, it was decided that specimens for this study 108 
should be dried to at least this level in order to minimise the influence of pore saturation. When dried further, the 109 
increase in mass transport is only very slight, and is probably partially associated with changes in the pore 110 
structure, for example cracking, rather than solely the emptying of the pores [7].  111 
 112 
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2.2 Specimen preparation, curing and conditioning 113 
Ordinary Portland cement and medium graded (BS 882: 1992) siliceous sand were used to prepare two mortar 114 
mixtures according to the proportions given in Table 1. The decision to use very high and low w/c ratio was 115 
based on the intention to study samples of a wide range of pore structure characteristics and to determine the 116 
limits of applicability and sensitivity of the derived pore structure-transport relationships. The sand volume 117 
fraction was 63%. A naphthalene sulphonated type superplasticizer was used for M 0.35 at a dosage of 0.5% by 118 
weight of cement. Cylindrical specimens (100mmφ x 250mm) were cast, demoulded after 24 hours and sealed 119 
cured in cling film at 20°C. After an initial curing period, each cylinder was sectioned to produce three 50mm 120 
thick discs for transport testing and two 10mm thick discs for microscopy. Discs of approximately 30mm 121 
thickness from the top and bottom face of each cylinder were discarded.  122 
 123 
Several curing and conditioning regimes, shown in Table 2, were applied in order to produce specimens with a 124 
range of maturity and pore structure characteristics. As mentioned earlier, the samples needed to be dried to at 125 
least 60% RH (at room temperature) in order to minimise the effect of pore saturation on the measured transport 126 
coefficients. Therefore, the discs were conditioned by either drying at 55% RH (at 20°C using saturated 127 
Na2Cr2O7) or at elevated temperatures of 50°C and 105°C until constant mass, taken when the rate of mass loss 128 
was not more than 0.01% per day. Some samples were dried at elevated temperatures in order to deliberately 129 
induce microcracks. For conditioning at 50°C, the oven humidity was maintained at 10% by using saturated 130 
ZnCl2; this provides about the same vapour density as the vapour density at 55% RH and 20°C so that a similar 131 
equilibrium moisture state was achieved at the end of the conditioning regime. Drying at 105°C would remove 132 
all evaporable water in about 3-14 days. Conditioning at 55% RH (20°C) required about 6 months while 133 
conditioning at 50°C (10% RH) took about 90 days for the samples to achieve constant mass. 134 
 135 
Since the samples were to be transport tested at room temperature, care had to be taken to ensure that the 136 
moisture content did not increase when the oven-dried samples were cooled. To ensure this, the oven-dried 137 
samples were transferred into a vacuumed desiccator and allowed to cool naturally to room temperature. The 138 
discs were taken out of the desiccator only when required for testing. Checks by weighing found negligible mass 139 
increase. Discs that were conditioned at RH 55% were wrapped in cling-film for another week to allow for 140 
moisture redistribution before transport testing and imaging. 141 
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Table 1 Mixture proportions 143 
Mixture Cement (kg/m3) Sand (kg/m3) Free w/c ratio 
M 0.7 365 1635 0.70 
M 0.35 550 1635 0.35 
 144 
Table 2 Curing and conditioning regimes  145 
Mixture Sample designation Curing period (days) 
Conditioning 
regime 
M 0.7 
M 0.7 (2) 105C  2 105°C 
M 0.7 (2) 50C 2 50°C at 10% RH 
M 0.7 (2) 55RH 2 20°C at 55% RH 
M 0.7 (28) 105C 28 105°C 
M 0.7 (28) 50C 28 50°C at 10% RH 
M 0.7 (28) 55RH 28 20°C at 55% RH 
M 0.35 
M 0.35 (2) 105C 2 105°C 
M 0.35 (28) 105C 28 105°C 
M 0.35 (28) 50C 28 50°C at 10% RH 
M 0.35 (28) 55RH 28 20°C at 55% RH 
 146 
 147 
2.3. Transport testing 148 
Three replicate discs were tested following the sequence of oxygen diffusion, oxygen permeation and water 149 
absorption. All specimens were tested at the same age (30 weeks) and at room temperature. Oxygen diffusivity 150 
was determined using the method suggested by Lawrence [10]. The test is carried out by exposing the opposite 151 
faces of a disc to a stream of oxygen and nitrogen at the same pressure. The oxygen and nitrogen counter-diffuse 152 
through the specimen and the oxygen concentration in the outflow stream is measured to calculate diffusivity. 153 
Oxygen permeability was determined by measuring the steady-state flow rate at three input pressures of 0.5, 1.5 154 
and 2.5 bars. The apparent permeability coefficient was calculated following Darcy’s equation at each pressure, 155 
from which the intrinsic permeability coefficient was determined by Klinkenberg correction [11]. The water 156 
absorption test was performed by monitoring mass gain due to capillary absorption with time. Deionised water 157 
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was used as the test fluid. The mass of absorbed water per unit area of the inflow face was plotted against the 158 
square-root of time. A best-fit line was drawn for the first 15 readings (approximately 6 hours of measurement) 159 
and the slope of this is reported as the sorptivity coefficient. The coefficients of regression of the least-squares fit 160 
in the Klinkenberg method and water absorption plot were always greater than 0.99. A detailed explanation of all 161 
transport test procedures used is available in Ref. [5].  162 
 163 
2.4. Backscattered electron imaging 164 
After conditioning, the 10mm thick discs were sectioned using a diamond saw to produce block specimens (40 x 165 
20 x 10mm) at approximately mid-distance from the centre to the edge. A non-aqueous solution was used as a 166 
lubricating fluid. The blocks were freeze-dried, vacuum-impregnated with a low viscosity epoxy and then 167 
ground using silicon carbide papers of successively finer grit size of 220, 500, 1000 and 1200 (68, 30, 18 and 14 168 
μm). The blocks were then polished using cloths embedded with diamond abrasives of sizes 9, 6, 3, 1 and ¼ µm. 169 
The grinding and polishing was performed at 70rpm, with a 7N force applied onto each specimen. The time 170 
spent on each grinding and polishing stage was no longer than 2-4 minutes to minimise relief. After each stage of 171 
polishing, the samples were cleaned ultrasonically in acetone. Finally, the flat-polished specimens were coated 172 
with a layer of carbon using an evaporative coater.  173 
 174 
A JEOL 5410LV scanning electron microscope fitted with a backscatter electron detector was used for imaging. 175 
The microscope was operated at an accelerating voltage of 10kV and working distance of 10mm. Twenty images 176 
were collected per sample at a magnification of 500x. The images were digitised to 1940 x 1455 pixels, giving a 177 
field of view of 240 x 180μm and a pixel spacing of 0.124μm. This magnification is commonly used for studying 178 
pore structure and was chosen as a compromise between adequate resolution and sampling size. Areas of the 179 
microstructure to be imaged were selected randomly so that paste in the vicinity of the aggregate particles, i.e. 180 
the interfacial transition zone (ITZ), and bulk paste were both represented. In order to ensure random and 181 
unbiased sampling, the microscope stage was programmed to move in a grid fashion, stopping at twenty 182 
predefined, equally spaced coordinates. Thus, the frequency of an image containing either the ITZ, bulk paste or 183 
both will solely depend on the aggregate distribution and volume fraction. Areas near the sample edge were not 184 
imaged to avoid sampling mortar that may have been saw-damaged.  185 
 186 
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2.5 Image analysis 187 
BSE images of a mortar sample captured at 500x magnification will most likely contain some fraction of sand 188 
particles, which will vary significantly from frame to frame. The sand particles must first be removed from the 189 
original image using a segmentation algorithm [12] before thresholding and measurement of the pore phase can 190 
be carried out. This is because the aggregate greyscale values overlap with that of the hydrated cement paste and 191 
this complicates the thresholding of the pore phase. The sand particles themselves may contain some pores, but 192 
since they are relatively impermeable compared to the hydrated cement paste, the aggregate pores should not be 193 
measured. Therefore, the sand particles are excluded in the analysis and all measurements on the pore structure 194 
are made relative to the cement paste area. 195 
 196 
A significant challenge for accurate quantitative microscopy is in the segmentation of the phase of interest. For 197 
this study, the pore binary image was produced by grey-level thresholding using a newly developed pore-198 
segmentation algorithm [13]. The upper threshold grey-level for pores was determined from the inflection point 199 
of the cumulative brightness histogram of the BSE image. This represents a critical point where a small 200 
increment in the threshold value will cause a sudden increase in the thresholded area, a condition termed as 201 
overflow. Fig. 1 shows how this method is applied. The segmented pores consist of capillaries, cracks and 202 
hollow-shells. Air voids and bond failures at the aggregate-paste interface were excluded since the former do not 203 
contribute to transport while the latter is an artefact of specimen preparation.  204 
 205 
Two important pore-structure parameters that are easily obtained from a 2D image are the porosity and the 206 
specific surface. Porosity is the volume fraction of the void phase while specific surface is the internal surface 207 
area of the solid-pore interface per unit volume. For a uniform, isotropic and random material, the volume 208 
fraction of a particular phase is equivalent to its area fraction observed on a plane section, whereas surface area 209 
per unit volume is related to the boundary length per unit area [1, 2]. The specific surface, when normalised to 210 
the pore volume, is equivalent to the inverse of the hydraulic radius, a parameter that relates to the degree of pore 211 
refinement or pore complexity. For two materials having the same porosity, but different specific surface areas, 212 
the one that has a higher specific surface will have a larger number of finer pores, and/or a more tortuous 213 
boundary. Thus, it would be expected that transport increases with porosity, but decreases with specific surface.   214 
 215 
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Measuring area and boundary length in a digital image can be an error-prone operation because of the finite pixel 216 
size, particularly for small features. When imaged at higher magnification or at a better resolution, more 217 
irregularities of the boundary become visible and the measured perimeter and area changes. Monte Carlo 218 
simulations [14] showed that for the current microscope set-up and image magnification, measurement errors 219 
due to the finite pixel size and image resolution are not significant for pores larger than 1μm, but the error 220 
increases for smaller pores and becomes substantial (>50%) when the pores are smaller than the electron probe 221 
size (~ 0.1μm). Also, small features are usually noise generated from image capture and segmentation. To reduce 222 
these errors, a size filter was applied on the pore binary image that excludes features smaller than 10 pixels. 223 
Hence, the smallest detected pores have an equivalent circular radius of 0.22μm. Monte Carlo simulations 224 
predicted a measurement error of about 25% associated with pores at this size, which decreases to ~ 5% for 225 
pores at 1μm diameter and <1 % for pores larger than 5μm [14].  226 
 227 
 The porosity (Φp), specific surface (Sp) and area fraction of unreacted cement particles (AHp) are calculated 228 
using Eq. (1), Eq. (2) and Eq (3) respectively. 229 
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where A, Ap and AAH are the measured areas of the pores, cement paste and unreacted cement particles, while Γ 231 
is the measured pore perimeter for each image. Note that the unreacted cement particles were segmented by 232 
thresholding the minimum point between peaks in the image greyscale histogram. The porosity and area fraction 233 
of the unreacted cement particles are normalised to the paste volume, while the surface area is normalised to the 234 
pore volume. We found no significant change in the measured porosity and specific surface area by analysing 235 
more than about 20 images (Section 3.1). The unreacted cement area fraction is used to calculate the degree of 236 
hydration (α) using the formula α = 1 – (AHp/AHo), where AHo is the volume fraction of the initial cement 237 
content normalised to the paste volume fraction, which is 0.31 and 0.47 for M 0.7 and M 0.35 respectively. 238 
 239 
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Figure 1 A) Typical BSE image of M 0.7 (28) 55RH. The aggregate (lower right corner) has been removed 240 
from the image. Field of view: 240 x 180μm; B) Cumulative brightness histogram showing the location of 241 
the upper threshold value for porosity; C) Segmented pores (black pixels) superimposed onto the original 242 
faded BSE image. Pore area fraction is 17.8% of the paste area. 243 
   244 
3. Results 245 
3.1 Porosity, specific surface and degree of hydration 246 
Fig. 2 shows the change in the average paste porosity and specific surface with the number of frames analysed. It 247 
is observed that a relatively stable value for paste porosity and specific surface can be attained after analysing 248 
about twenty images. This suggests that the accuracy of the measurements will not be significantly improved 249 
even if more images, taken at the same resolution, were to be analysed.  250 
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Figure 2 Variation of average porosity and specific surface with the number of frames analysed. A 251 
relatively stable value for porosity and specific surface was obtained after analysing twenty frames. 252 
Table 3 Average values for paste porosity (Φp), specific surface (Sp), degree of hydration (α) and transport 253 
coefficients*. 254 
Sample Φp (%) Sp (μm-1) α 
O2 diffusivity 
(m2/s) 
O2 permeability 
(m2) 
Sorptivity 
(g/m2min0.5) 
M 0.7 (2) 105C 33.5 (7.3) 2.59 (1.4) 0.59 (1.3) 6.28 x 10-7 (2.5) 1.21 x 10-15 (17.7) 710 (4.8) 
M 0.7 (2) 50C 24.6 (1.6) 2.82 (3.5) 0.60 (2.5) 5.82 x 10-7 (8.0) 8.13 x 10-16 (34.8) 592 (7.4) 
M 0.7 (2) 55RH 24.3 (1.4) 2.44 (3.9) 0.68 (1.7) 5.35 x 10-7 (10.0) 7.85 x 10-16 (45.2) 573 (8.3) 
M 0.7 (28) 105C 20.6 (0.1) 2.94 (5.0) 0.85 (1.1) 4.36 x 10-7 (10.8) 4.27 x 10-16 (68.9) 428 (1.5) 
M 0.7 (28) 50C 18.1 (5.7) 3.32 (7.7) 0.87 (2.0) 3.38 x 10-7 (4.8) 2.47 x 10-16 (15.1) 314 (3.0) 
M 0.7 (28) 55RH 17.6 (0.6) 2.87 (6.1) 0.89 (1.2) 2.64 x 10-7 (9.4) 3.79 x 10-16 (32.6) 308 (1.7) 
M 0.35 (2) 105C 12.4 (2.3) 4.06 (0.7) 0.59 (1.2) 2.23 x 10-7 (13.4) 4.12 x 10-17 (53.8) 205 (1.6) 
M 0.35 (28) 105C  11.7 (3.4) 4.39 (0.6) 0.71 (1.9) 1.65 x 10-7 (6.1) 3.78 x 10-17 (14.7) 165 (3.5) 
M 0.35 (28) 50C 11.3 (3.6) 5.06 (5.1) 0.72 (6.6) 1.16 x 10-7 (5.1) 2.09 x 10-17 (34.1) 108 (0.8) 
M 0.35 (28) 55RH 8.9 (2.1) 5.51 (0.3) 0.74 (3.5) 3.73 x 10-8 (5.5) 3.59 x 10-18 (30.7) 41 (2.1) 
*Values in parentheses represent coefficient of variation (%). 255 
The average values for paste porosity, specific surface and degree of hydration are given in Table 3. The paste 256 
porosity and specific surface range from 8.9 to 33.5% and 2.4 to 5.5μm-1 respectively, while the degree of 257 
hydration ranges from 0.59 to 0.89. As expected, a lower w/c ratio and a longer curing time resulted in lower 258 
paste porosity. For samples at the same w/c ratio, the paste porosity decreases with increase in degree of 259 
hydration. Samples with similar w/c ratio and curing age, but conditioned at 55% RH (20°C) have a slightly 260 
higher degree of hydration compared to those conditioned at 50˚ C and at 105˚C. Generally, the specific surface 261 
increases as the porosity decreases, indicating pore refinement. 262 
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 263 
It may be instructive to compare the paste porosity and specific surface values measured from image analysis to 264 
those obtained via other means. Day & Marsh [15] measured the porosity of various cement pastes cured in 265 
saturated limewater using several indirect methods, such as oven drying, resaturation with water, solvent 266 
exchange using methanol and propanol, and MIP. The study found that for every sample type, there was a wide 267 
range in the porosity values estimated by the various methods. For example, it was observed that a 28-day cured 268 
w/c 0.71 OPC paste and a 0.30 w/c OPC paste had porosity ranging from 49 to 67%, and 20 to 37% respectively. 269 
In another study, Cook & Hover [16] used MIP to determine the porosity of OPC pastes cured in saturated 270 
limewater at 23˚ C . They found that the w/c 0.7 pastes had a porosity of 52% (3 days) and 42% (28 days), while 271 
the w/c 0.3 pastes had a porosity of 22% (3 days) and 17% (28 days). By taking into account the slight 272 
differences in w/c ratio and curing regimes, the MIP porosity values reported in these earlier studies can be 273 
considered to be within a similar range, but are substantially larger than the values obtained in the current study, 274 
by a factor of two to three. This discrepancy is not surprising because image analysis only measures a narrow 275 
range of pore sizes. Pores smaller than the image resolution are excluded. Also, some large pores may not be 276 
counted because these are either inadequately sampled due to the image size and number of frames, or are 277 
intentionally excluded if it was considered a priori that these are isolated voids having little or no contribution to 278 
mass transport (for example air voids). In contrast, indirect methods cover a wider range of pore sizes including 279 
(perhaps) gel pores, small capillary pores and large air voids that are less relevant to mass transport.  280 
 281 
Comparison between specific surface areas measured by image analysis with other methods such as gas sorption, 282 
small angle scattering using neutrons (SANS) or X-rays (SAXS), and nuclear magnetic resonance (NMR) 283 
relaxation would lead to an even greater discrepancy. For example, these methods normally give specific surface 284 
areas in the region of 50 to 150m2/g (N2 sorption), 100 to 200m2/g (SANS), 200 to 600m2/g (SAXS) and up to as 285 
high as 900m2/g (NMR) for 28-day cured OPC pastes with w/c ratios 0.35 to 0.70 [17]. Note that the surface 286 
areas are normalised to the weight of D-dried paste. Normalising to the pore volume fraction should give specific 287 
surface areas in the region of 200 to 4000μm-1, which are about 2 to 3 orders of magnitude greater than the 288 
values reported in this study. The extremely high surface area obtained by these methods is because a large 289 
fraction of the reported value comes from gel pores in the hydration products, while the surface area contributed 290 
by capillary pores is relatively small. In addition, these methods (except for gas sorption) include isolated pores 291 
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in their surface area measurements, while image analysis only determines the surface area of interconnected 292 
pores that are intruded by epoxy from the external surface.   293 
 294 
Perhaps, a more appropriate comparison would be against the theoretical capillary porosity value (Φcap) from the 295 
well known Powers’ model [18], where Φcap = (w/c – 0.36α)/(w/c + 0.32). The results are plotted in Fig. 3. 296 
Although the image porosity includes microcracks and hollow-shells in addition to capillary pores, all the 297 
measured porosity values are smaller than the Powers’ capillary porosity. The difference ranges from about 15 to 298 
50%, with higher errors associated with samples of higher w/c ratio. Assuming that Powers’ model is correct, the 299 
result suggests that many capillary pores are smaller than the image resolution and hence, were not detected. The 300 
underestimation could also be due to the fact that image analysis only measures the fraction of interconnected, 301 
epoxy-filled pores. Isolated capillary pores cannot be intruded by the epoxy and therefore, are not detected in the 302 
BSE images because of lack of atomic contrast [19]. On the contrary, Powers’ model accounts for all capillary 303 
pores regardless of their connectivity. However, it is odd to find more discrepancy at higher w/c ratio. For M 0.7, 304 
the large deviation from Powers’ capillary porosity could be due to bleeding effects, which may have reduced 305 
the effective w/c ratio by the bleed water evaporating from the sample or forming large cavities, so that assigning 306 
a w/c of 0.70 in the Powers’ model erroneously overestimates the capillary porosity. The bleed water cavities are 307 
irregularly shaped, much like entrapped air voids from poor compaction, and therefore, are not sampled (by 308 
intent or otherwise) because these large isolated voids are not likely to make much contribution to transport.  309 
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Figure 3 Comparison between measured paste porosity and theoretical capillary porosity as predicted by 310 
Powers’ model [18]. 311 
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Figure 4 Relationships between transport coefficients and Φp and Sp. Error bars indicate plus-minus one 312 
standard deviation. Diffusivity and sorptivity have a positive linear correlation with porosity while 313 
permeability is related to porosity by a power function.  All three transport properties are correlated to 314 
the specific surface by an inverse power function.  315 
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3.2 Correlations between transport properties and pore structure 316 
Table 3 shows the average transport coefficients for each sample. The results indicate a reduction in transport 317 
coefficients with the measured porosity, consistent with reduction in w/c ratio and with longer curing age. For 318 
similarly cured samples, conditioning at 105°C is the most severe regime with respect to its adverse effect on the 319 
transport coefficients, followed by conditioning at 50˚ C (10% RH) and at 20˚ C  (55% RH). Rapid drying stops 320 
the hydration process earlier and this produces a coarser pore structure than it would otherwise. Drying at high 321 
temperature also generates high thermal gradients that cause microcracking. This is evident in the BSE images of 322 
samples conditioned at 105°C.  323 
 324 
When porosity and specific surface are plotted against transport coefficients in Fig. 4, good correlations can be 325 
observed. Since the permeability coefficients cover more than 2 orders of magnitude, they were plotted on a 326 
logarithmic scale in order to display the data points. The regression lines were obtained using simple curve-327 
fitting to either a linear, power, logarithmic, exponential or polynomial equation, whichever giving the highest 328 
coefficient of regression. Both diffusivity and sorptivity are found to have a positive linear correlation with 329 
porosity while permeability is related to porosity by a power function. All three transport coefficients are 330 
correlated to the specific surface by an inverse power function. The coefficient of regression (R2) is greater than 331 
0.85 in all cases. The results suggest that the detectable image porosity and specific surface have high predictive 332 
potentials for transport properties and that they may be used as input values for a pore structure-transport model.  333 
 334 
3.3 Predicting oxygen diffusivity from porosity, tortuosity and constrictivity 335 
The effective diffusion coefficient of a non-reactive species in a homogeneous isotropic porous medium, D 336 
(m2/s), may be related to its free diffusivity in the absence of the porous material, Do (m2/s), by the following 337 
equation [20]: 338 
 oDD 2τ
Φδ
=  (4) 339 
where Φ is the porosity, and τ and δ are dimensionless parameters accounting for the tortuosity (τ ≥ 1) and 340 
constrictivity (0 < δ ≤ 1) of the porous media. In effect, the above relationship attempts to scale Do to D by 341 
including factors that correct for the reduced available volume for diffusion (Φ), the increased transport path 342 
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length due to the ‘crookedness’ of the actual pore channels (τ), and the variation in cross-section of a pore 343 
channel over length (δ).  344 
 345 
Tortuosity is traditionally defined as the ratio of the effective travel distance through the pore channel to the 346 
shortest straight flow path through the medium [21], i.e. τ = Le/L. In mortars, the tortuosity of the hydrated paste 347 
that is formed as a result of the presence of aggregate particles can be used as an initial estimate for the tortuosity 348 
of the true transport path. This approach, of course, assumes that because aggregate particles have very much 349 
lower porosity than the paste, they act as solid impermeable particles. Using stereology, Stroeven [22] showed 350 
that the paste tortuosity is invariant to the aggregate size distribution and can be calculated from the aggregate 351 
volume fraction (Va), i.e. τ (paste) = 1 + 0.5 Va. For this study, Va = 0.63, giving a value of 1.315 for the paste 352 
tortuosity. We shall use this, but recognise that it is only a lower-bound estimate for the tortuosity of the true 353 
transport path. This is because the true tortuosity should equal the paste tortuosity plus the capillary pore 354 
tortuosity, i.e. the above equation should, in theory, include a factor (≥ 1) representing the ‘natural’ tortuosity of 355 
the capillary pores in a paste specimen (when Va = 0). This factor is unknown, but is expected to be a function of 356 
Φ and approaches unity when porosity is high, i.e. lim (τ) = 1 when Φ → 1. For comparison, theoretical 357 
modelling based on various random capillary pore network models has produced τ values of 2 (≈ 1.44) [23, 358 
24] and 3 (≈ 1.73) [25, 26]. Other values for tortuosity, for example, 2/π (≈ 1.25), have been reported [27].  359 
 360 
To estimate the constrictivity factor, the pore channels can be idealised as tubes of circular cross-section with 361 
radius that varies in a sinusoidal fashion along the length of the channel, i.e. r(z) = ro – α cos (2πz/λ), where α is 362 
the amplitude and λ is the wavelength of the radius variation. Constrictivity is then defined as the hydraulic 363 
conductance of the sinusoidal pore divided by the hydraulic conductance of a cylindrical pore with an average 364 
radius ro. Bernabé & Olson [28] showed that this can be written as a function of the ratio of minimum to 365 
maximum pore radius (rmin/rmax) along the sinusoidal pore: 366 
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where ρ = (ro – α)/(ro + α) = rmin/rmax. Therefore, δ can be obtained from Eq. (5) using a suitable estimate for 368 
rmin/rmax. We were unable to measure this from 2D images, so we shall refer to Cargill [29] who reported a value 369 
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of 0.57 for a pore space formed by a simple cubic arrangement of mono-dispersed spheres and a value 0.29 for a 370 
more compact hexagonal packing. The average between these two values will be used, giving a constrictivity 371 
factor of 0.44. 372 
 373 
The free diffusivity of oxygen in air (Do) is calculated from the Chapman-Enskog equation [30]; at 20°C and 374 
atmospheric pressure, this value is 2.0 x 10-5 m2/s. To use Eq. (4) for diffusivity prediction, the paste porosity 375 
(Φp) has to be converted to sample porosity (Φ) by taking into account the aggregate content, i.e. Φ = (1 - Va) 376 
Φp. Fig. 5 shows the predicted diffusivity plotted against experimental values. The model tends to over-predict 377 
for the lower w/c ratio mortar, but the general agreement is reasonable, with 90% of the estimated values within 378 
a factor of two, and 100% within a factor of five from the measured values. The vertical bars in Fig. 5 represent 379 
the range of predicted diffusivity, should the true value for δ lie within ± 30% of the chosen value (i.e. δ: 0.31 - 380 
0.57; ρ: 0.36 - 0.50) and for τ, from + 0 - 60% of the chosen value (i.e. τ: 1.315 - 2.104), hence covering most of 381 
the typical values of ρ and τ reported in the literature. Given such a wide range for δ and τ, the predicted 382 
diffusivities are still within half an order of magnitude from the measured values.  383 
 384 
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Figure 5 Predicted and measured values of oxygen diffusivity. 90% of the predicted values were accurate 385 
to within a factor of two and 100% to within a factor of five in relation to the measured values.  386 
 387 
 388 
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3.4 Predicting oxygen permeability using a modified Kozeny-Carman model 389 
Relations between fluid permeability, porosity and specific surface are generally termed as Kozeny-Carman (K-390 
C) models [31] and these were derived based on hydraulic radius theory for simple pore geometries. The basic 391 
example is considering flow, Q (m3/s), through a single straight cylindrical tube of radius r (m), which is given 392 
by the Hagen-Poiseuille equation Q = - (πr4/8η)(δP/δz), where η (Ns/m2) is the fluid dynamic viscosity and 393 
δP/δz (N/m) is the pressure gradient along the tube. Note that the Hagen-Poiseuille equation is an exact solution 394 
of the Navier-Stokes equation for a straight circular tube. For a single cylindrical tube embedded in a block of 395 
solid material with cross-sectional area A (m2), Darcy’s law gives Q = - (kA/η)(δP/δz). Thus, by comparing 396 
Hagen-Poiseuille’s equation with Darcy’s law, it follows easily that the effective permeability, k (m2), is: 397 
 2
34
28 sA
rk Φπ ==   (6) 398 
Where the porosity of the sample Φ is equivalent to πr2/A, and the specific surface area, s (m-1), is given by the 399 
tube surface area per unit volume of the sample, i.e. s = 2πr/A. Eq. (6) is the original form of K-C model for the 400 
case of smooth-walled cylindrical pores where the tortuosity τ of the pore channel is 1. Derivation for a sample 401 
with n number of non-intersecting parallel cylindrical tubes of a particular radius distribution also yields a 402 
similar equation. Berryman & Blair [32] showed that Eq. (5) is also valid for the case of straight tubes with 403 
arbitrary ellipsoidal cross-sections. For pores with tortuosity τ, Walsh and Brace [33] showed that: 404 
 22
3
2 s
k
τ
Φ
=   (7) 405 
The above equation assumes that the pores are of constant cross-sections, thus, it is proposed to include a term, 406 
δ, to account for the effect of constrictions in the pore throat. Considering that s = Φ Sp and Φ = (1 – Va) Φp, we 407 
then have: 408 
 222
)1(
p
pa
S
V
k
Φ
τ
δ−
=   (8) 409 
Eq. (8) can be interpreted as a relationship between permeability and the average hydraulic radius (= 1/Sp), with 410 
parameters that scale the permeability of a non-intersecting capillary tube model to include factors for 411 
complexity of the actual porous medium. Note that the factor 2 in the denominator is the originally derived shape 412 
factor for straight, circular pores. Thus, the tortuosity and constrictivity factors act to transform the circular pore 413 
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shape factor to a value that is supposedly representative of the actual pore geometry. Provided that τ and δ can be 414 
estimated realistically, the modified K-C model in the form of Eq. (8) contains no adjustable parameters. Eq. (8) 415 
can also be written in a form that involves the formation factor F. By taking the analogy between electrical 416 
conductivity and diffusion, and referring to Eq. (4): 417 
 
Φδ
τ
σ
σ 2
===
D
D
F oo  (9) 418 
Substituting Eq. (9) into Eq. (8) gives: 419 
 22
1
pFS
k =  (10) 420 
Assuming that the pores are saturated with air that is of the same composition as ambient air, the formation 421 
factor based on measured oxygen diffusivity ranged from 30 to 530 for all the specimens; this is within the order 422 
of values that have been reported previously [34]. Fig. 6 shows the predicted permeability based on Eq. (8) and 423 
Eq. (10). The vertical bars in Fig. 6A represent the range of predicted values, given a ± 30% error in δ and + 0-424 
60% error in τ. Both equations consistently overpredict with increasing error as the magnitude of permeability 425 
decreases. The model incorporating formation factor performed slightly better, with values predicted to within an 426 
order of magnitude. This is probably because inclusion of the formation factor in Eq. (10) has improved on the 427 
estimated tortuosity and constrictivity values.  428 
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Figure 6 Predicted and measured values for permeability using: A) Eq. 8 and B) Eq. 10. 429 
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 430 
4. Discussion 431 
As mentioned in the Introduction section, we would like to emphasise that this is an exploratory study of the 432 
feasibility of using image-derived pore parameters as inputs to simple analytical models for the prediction of 433 
transport properties of cement-based materials. Mortars were chosen for this preliminary study because they 434 
resemble concretes by having sand particles and aggregate-paste interfaces, but are more homogeneous by the 435 
exclusion of large aggregates. The decision to use very high and low w/c ratio was based on the intention to 436 
study samples of a wide range of pore structure characteristics and to determine the limits of applicability and 437 
sensitivity of the derived pore structure-transport relationships. Although only a small number of samples were 438 
tested, their transport properties cover a wide range of values (>1 order of magnitude for diffusivity and 439 
sorptivity, ~2.5 orders of magnitude for permeability). This reflects on the efficacy of the curing and 440 
conditioning regime to produce samples with a range of pore characteristics.  441 
 442 
The major assumptions made in this study are: 1) that all pores and cracks segmented from the image are 443 
interconnected, 2) the image resolution is sufficient to include all pores contributing to transport and 3) that the 444 
pores and microcracks have the same relative importance to transport. The first assumption is reasonable because 445 
only pores that are filled with epoxy are visible in a BSE image [19]. Therefore, the segmented pores do not 446 
contain any isolated pores. Whilst it is impossible to measure connectivity, we can at least be certain that all the 447 
pores tallied from image analysis are connected. However, the second and third assumptions are not strictly valid 448 
because features smaller than the resolution limit have not been detected and microcracks may have a higher 449 
relative contribution to transport in a severely damaged sample. Nevertheless, the strong correlation obtained 450 
between the measured pore properties with transport coefficients and the relatively good prediction obtained 451 
shows that the range of pore size analysed is relevant.  452 
 453 
The diffusivity and permeability for M 0.35 were consistently over-predicted, with increasing error as the sample 454 
porosity decreased. These errors cannot only be explained by measurement errors resulting from the finite pixel 455 
size and image resolution, which are comparatively modest. For example, Monte Carlo simulation [14] predicted 456 
a maximum error of about 25% for the smallest pores measured in this study. Thus, using simple error analysis, 457 
this only translates to an over-prediction of about 50-100% for diffusivity and permeability. A possible reason 458 
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for the over-prediction is that at low porosity, the paste tortuosity significantly underestimates the true tortuosity 459 
since the actual transport path deviates more from the paste tortuosity as the pores become finer. This could 460 
explain why a better prediction was obtained for the higher w/c sample. Fine capillaries that are smaller than the 461 
image resolution may have a role in transport and measuring these will increase the specific surface significantly, 462 
but will have only a marginal effect on the porosity, therefore the net result would be improved prediction of 463 
permeability (see Eq. 8 and Eq. 10). Another possible reason for the over-prediction could be the influence of 464 
hollow-shells. In dense pastes, a large fraction of the observed pores are typically hollow-shells, which are 465 
isolated from each other and the degree of connectivity with capillary pores is smaller [35] so transport may be 466 
governed only by the capillaries. Therefore, an improvement in the transport prediction is likely to be achieved if 467 
hollow-shells are excluded in the analysis for dense pastes. 468 
 469 
Although the tortuosity and constrictivity factors used in this study have not been measured directly, it is shown 470 
that errors in the estimated values of δ and τ do not strongly affect the predictions. 3D imaging techniques, such 471 
as laser scanning confocal microscopy [35], are expected to provide valuable information with regards to these, 472 
for instance, a better estimate for rmin/rmax. The connectivity of the pore structure has been neglected in this study. 473 
However, tortuosity should in theory, be very closely related to connectivity; a highly connected pore structure 474 
of a random porous material should have a low tortuosity due to shortening of the effective transport path length 475 
and vice versa. This suggests that if tortuosity can be accurately determined, the error associated with not having 476 
connectivity as a parameter in the model will not be large.  477 
 478 
Quenard et al [36] combined results from mercury porosimetry and BSE imaging with advanced multi-scale 479 
computational modelling techniques involving 3D reconstruction from 2D images and renormalisation using a 480 
cubic lattice pore network model, to predict vapour diffusivity and air permeability of lime-silica brick, clinker 481 
brick and Baumberger sandstone. The transport properties of the materials investigated ranged from 1x10-15m2 to 482 
3.9x10-14m2 for air permeability and 5.6x10-7 m2/s to 1.1x10-6 m2/s for vapour diffusivity, which correspond to 483 
the most porous samples in the present study. The reconstruction technique and subsequent image-based 484 
computations by solving Stoke’s equation using a finite-difference method and Laplace’s equation using a 485 
conjugate gradient technique gave computed air permeability and vapour diffusivity within a factor of 2 of the 486 
measured values. The renormalisation technique gave permeabilities that were close to measured values (<50% 487 
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error) but for diffusivity, the discrepancies were much higher, around an order of magnitude. It appears then, that 488 
the accuracy of the simple analytical models presented in this study is comparable to the more sophisticated 489 
computational models presented by Quenard et al [36]. However, we believe there is still much room for 490 
improvement, for example by increasing the image resolution to include finer pores and by using 3D microscopy 491 
to obtain better estimates for tortuosity and constrictivity.  492 
 493 
5. Conclusions 494 
Mortar specimens of a very high and low w/c ratio were cured and conditioned in several ways to produce 495 
specimens with a range of pore structure and transport properties. Using image analysis on backscattered 496 
electron images, porosity and specific surface values were determined, and these were found to correlate very 497 
well with the measured oxygen diffusivity, oxygen permeability and water sorptivity. This shows that despite the 498 
limitations of 2D image analysis, it is still a viable tool for extracting quantitative information of the pore 499 
structure that can be used as input values for a transport prediction model. A simple analytical model 500 
incorporating tortuosity and constrictivity was used to predict oxygen diffusivity and a variant of the Kozeny-501 
Carman model was used to predict oxygen permeability. To estimate the effect of constrictions on transport 502 
properties, the pore channels were idealised as tubes of circular cross-sections of sinusoidally varying radius. For 503 
mortars, the paste tortuosity which is a function of aggregate volume content gives a lower-bound estimate of the 504 
true transport path tortuosity. It was found that the diffusion model tends to over-predict for the lower w/c ratio 505 
mortar, but the general agreement was reasonable, with 90% of the estimated values within a factor of two from 506 
the measured values. The Kozeny-Carman model, however, over-predicted all permeability values with an error 507 
of between half to one order of magnitude. 508 
 509 
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